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Perceptual performance has been known to change around the time of saccadic eye movement. In the
current study, we measured the accuracy and sensitivity of orientation discrimination of bar stimuli pre-
sented during ﬁxation and before saccadic eye movements. Human participants compared the orienta-
tions of the test and reference bar stimuli with the head erect in a two-interval forced choice task. For
the targets presented during steady ﬁxation, the accuracy and sensitivity of orientation discrimination
were better near the cardinal than oblique axes, a perceptual anisotropy known as the oblique effect.
For the targets presented during the 100 ms interval immediately before a saccade was executed, the
anisotropy decreased mainly due to reduction in sensitivity for cardinal orientations. Directing attention
to the goal location of the impending saccade emulated the saccadic effects on orientation discrimination
for the targets at saccadic goal, suggesting that the saccadic effects on orientation discrimination are
partly mediated by the shift of spatial attention that accompanies the saccade. These results were in line
with the anti-oblique effect that perceptual judgment of motion direction along the oblique angle
becomes relatively accurate for motion targets presented before saccadic eye movements [Lee, J., &
Lee, C. (2005). Changes in visual motion perception before saccadic eye movements. Vision Research,
45(11), 1447–1457].
 2008 Elsevier Ltd. All rights reserved.1. Introduction lation of neural activity suggests that a wide range of perceptualConsiderable evidence indicates that perception changes
around the time of saccadic eye movements (Awater & Lappe,
2004; Burr, Morrone, & Ross, 1994; Cai, Pouget, Schlag-Rey, & Sch-
lag, 1997; Dassonville, Schlag, & Schlag-Rey, 1992; Honda, 1991;
Lee & Lee, 2005; Morrone, Ross, & Burr, 2005; Ross, Morrone, &
Burr, 1997; Yarrow, Haggard, Heal, Brown, & Rothwell, 2001). As
each saccade shifts retinal image, it is natural that spatial aspects
of perceptual change have received a particular attention in rela-
tion to maintenance of perceptual continuity. A notable example
is spatial mislocalization in which a visual target brieﬂy presented
immediately before, during, or after a saccadic eye movement is
systematically mislocalized (Ross, Morrone, Goldberg, & Burr,
2001; Schlag & Schlag-Rey, 2002). While neural correlates of per-
ceptual changes are not completely understood, modulation of
neural activity around the time of a saccadic eye movement has
been documented in various visual cortical areas including the pri-
mary visual cortex (Bakola, Gregoriou, Moschovakis, Raos, & Sava-
ki, 2007; Krekelberg, Kubischik, Hoffmann, & Bremmer, 2003;
Moeller, Kayser, & Konig, 2007; Nakamura & Colby, 2000; Noda,
Freeman, & Creutzfeldt, 1972; Park & Lee, 2000; Rajkai et al.,
2008; Super, van der Togt, Spekreijse, & Lamme, 2004). The modu-ll rights reserved.
at Duke university.aspects change around the time of saccadic eye movements.
In a previous study, we reported that judgment error for the
direction of visualmotionwas larger for oblique than cardinal direc-
tionsduringﬁxation, but before ahorizontal saccadic eyemovement
was executed, this oblique effect was absent for the most part and
perceptual judgment of oblique directions became relatively accu-
rate (Lee & Lee, 2005). Preparation for saccades appeared to improve
the accuracy of direction judgment for visual motion in the visual
ﬁeld ipsiversive to impending saccades. Since signals codingmotion
direction are related to the orientation mechanism (Geisler, 1999;
Geisler, Albrecht, Crane, & Stern, 2001), and the classic oblique effect
consistentlymanifests itself in orientationdiscrimination (Westhei-
mer & Beard, 1998), we tested in the current study whether similar
changes in orientation discrimination occur for the targets pre-
sented before saccades. Speciﬁcally, we derived from psychometric
curves based on a two-interval forced choice task, discrimination
accuracy and sensitivity for stimulus orientation during steady ﬁxa-
tion and examined changes in discrimination performance when
saccadic eye movements were made.
2. Methods
2.1. Subjects
Four subjects (aged 22–25) participated in the study. They had
normal or corrected-to-normal vision with no known astigmatism.
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ments were explained, and informed consent to participate was
obtained.
2.2. Apparatus
Visual stimuli were presented on a 24-in. ﬂat CRT monitor
(Sony GDM-W900) with the spatial resolution of 800  600 pixels
at the refresh rate of 100 Hz. The subjects, sitting with their head
restrained with a bite bar and dental impression material, viewed
the monitor with natural pupils at a distance of 60 cm. At this dis-
tance the monitor display spanned 44  28 deg. The horizontal po-
sition of the right eye was monitored with an infra-red reﬂection
method (IRIS, Skalar Medical), sampled at 500 Hz with a 16-bit res-
olution, and stored for off-line analysis. The experiment was
controlled by a computer program written in Matlab (The Math-
works) using psychophysics toolbox (Brainard, 1997; Pelli, 1997).
All experiments were carried out in a dark and sound-attenuated
room. The background luminance of the monitor was measured
0.00 cd/m2.
2.3. Procedures
The performance of orientation discrimination was tested in six
experimental conditions (Fig. 1).
2.3.1. Fixation condition
The ﬁxation condition was used to establish the baseline perfor-
mance of orientation discrimination during steady ﬁxation. After a
tone signaled the start of a trial, the ﬁxation dot (red square,
0.25  0.25 deg, 0.30 cd/m2) appeared at the center of the screen,
on which the subject was instructed to maintain ﬁxation. With aTest stimulusSaccadic cue
Fixation
Reference stimulus
Ipsiversive saccade
Attention
R-Fixation
Contraversive saccade
Orthogonal saccade
Fig. 1. Six experimental conditions. Dotted square represents location of ﬁxation
window at the time of presentation of saccadic cue, test and reference stimuli. Main
goal of the current study was to compare discrimination performance between
ﬁxation and ipsiversive saccade conditions. The spatial locations of test and
reference stimuli were identical in both ﬁxation and ipsiversive saccade conditions,
but their retinal locations were not. R-ﬁxation condition was a control for this and
retinal locations of test and reference stimuli in this condition matched those of
ipsiversive saccade condition. See text for details.delay of 1200 ms after the eye entered within a 4  4 deg elec-
tronic window around the ﬁxation target, the test stimulus bar,
shown in green (10  0.25 deg, 0.05 cd/m2), of a variable orienta-
tion appeared for 50 ms with the center of the bar either at
10 deg to the left or right of the ﬁxation target. After a delay of
1200 ms, the reference stimulus, shown in red (10  0.25 deg,
0.05 cd/m2), was presented centering at the same center location
of the test stimulus. The delay duration was chosen to minimize
the potential interference of the afterimage of the test stimulus left
on the monitor and to maintain memory of the test stimulus. The
luminance level of the test and reference stimuli was chosen to
keep a proper detection level of each subject without a signiﬁcant
afterimage under the condition of dark adaptation. The use of color
stimuli was to aid response protocol. Both luminance and iso-lumi-
nant stimuli are thought to produce similar orientation discrimina-
tion performance (Reisbeck & Gegenfurtner, 1998). The orientation
of the test stimulus was pseudo-randomly varied in steps of
22.5 deg between 0 deg and 157.5 deg, with 0 deg to the right
and 90 deg to the top. The orientation of the reference stimulus
was pseudo-randomly varied within ±6 deg from the orientation
of the target stimulus with a step of 2 deg. All the test and refer-
ence stimuli were smoothed with a Gaussian ﬁlter to prevent an
aliasing effect of a static line stimulus on a computer monitor.
The subject was instructed to maintain ﬁxation until the reference
stimulus was presented. The subject’s task was to judge whether
the reference stimulus rotated clockwise (CW) or counterclockwise
(CCW) with respect to the test stimulus by shifting a joystick to the
right or left. The reference stimulus disappeared on the subject’s
response, and the next trial started with an inter-trial interval of
1.5 s.
In all experimental conditions, we turned on the overhead light
between blocks each of which lasted about 5–7 min with more
than 100 trials, to prevent potential contamination from dark
adaptation. None of subjects reported that the display edge was
visible during the experiment. To test further any residual effects
of dark adaptation, we divided the trials of the ﬁxation condition
into the earlier and later groups within the each block, compared
the two groups in terms of discrimination accuracy and sensitivity
measures to be described below, and found no statistically signiﬁ-
cant differences in any case.
2.3.2. Saccade condition
This was the main experimental condition, and its purpose was
to determine the accuracy and sensitivity of orientation discrimi-
nation for a static bar stimulus presented immediately before a
saccade is made toward the stimulus location. All aspects of the
saccade condition were the same as in the ﬁxation condition ex-
cept the procedures related to triggering a saccade. After a tone sig-
naled the start of trial, the ﬁxation dot appeared at the center of the
screen. With a delay of 1200 ms after the eye entered within a
4  4 deg electronic window around the ﬁxation target, the ﬁxa-
tion dot disappeared and a saccadic cue (an equilateral triangle
pointing upward, 0.7  1.3 deg, 0.25 cd/m2) appeared for 50 ms
centering either at 10 deg to the left or right of the ﬁxation target.
With a delay of 1000 ms after the saccadic cue disappeared, a tone
with duration of 50 ms signaled the subject to make a saccadic eye
movement to the remembered location of the saccadic cue as
quickly and precisely as possible. The use of an auditory cue for
triggering the saccade was to prevent a potential visual interfer-
ence from the saccadic cue with discrimination performance. With
a variable delay (90, 140 or 170 ms) after the tone onset, the test
stimulus appeared for 50 ms in such a way that the center of the
test stimulus was at the location of the center of saccadic cue.
The temporal gap between the auditory cue and the test stimulus
was chosen to bring the target stimulus near the saccade onset. For
this, the saccade latency of the previous trial was taken into
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150 ms, between 150 and 300 ms, or larger than 300 ms, the gap
chosen was 90, 140, or 170 ms, respectively. These parameters
were empirically chosen to bring the timing of the test stimulus
near saccade onset. After a delay of 1200 ms, the reference stimu-
lus appeared and remained at the same location of the target stim-
ulus until the subject responded.
2.3.3. Attention condition
The trial sequence of the attention condition was exactly the
same as that for the saccade condition except that a downward-
pointing triangle was presented at the location of the test stimulus
in the attention condition. Thus, in the saccade condition, an up-
ward-pointing triangle instructed the subject to make a saccade
to it, and in attention condition, a downward-pointing triangle in-
structed not to make a saccade and to maintain initial ﬁxation until
the reference stimulus appeared. The saccade and attention trials
were randomized in the same blocks of trials.
2.3.4. R-ﬁxation condition
In the ﬁxation condition, both the test and the reference stim-
uli were presented at the same location in the space (either at
10 deg to the left or right of the ﬁxation target) while the subject
maintained ﬁxation within a central window. Thus, they agree in
both retinal and spatial coordinates at presentation time. Subjects
were free to move their eyes after the reference stimulus had
been presented, thereby acquiring the reference stimulus with
the central retina during response. In the saccade condition, the
test and the reference stimuli were also in the same location in
the space, either at 10 or +10 deg with respect to the center
of the screen, but the reference stimulus was presented after a
saccade was completed, and thus, at a retinal location different
from that for the test stimulus. Thus, the retinal location of the
reference stimulus was different at its presentation time,
although its spatial location was the same, between the two con-
ditions. In order to determine the effect of the retinal incongruity
between the test and the reference stimuli at their presentation
time, we examined the discrimination performance of two sub-
jects in the condition where the test stimulus was presented at
10 deg to the left or right of the ﬁxation target after the ﬁxation
target offset and then the reference stimulus was presented at the
center of the screen while the eye remained within a window
around the ﬁxation target at the center of the screen. This
matched the saccade condition in terms of the retinal locations
of the test and reference stimuli at their presentation time. We
will refer this condition as ‘R-ﬁxation’ condition for ‘ﬁxation con-
dition with retinal positions of the targets matched to those of
the saccade condition’. Other aspects of the trial were exactly
the same as those of the ﬁxation condition described above.
2.3.5. Contraversive and orthogonal saccade conditions
In order to determine the effects of stimulus location with re-
spect to an impending saccade, we tested two other saccade condi-
tions: contraversive and orthogonal saccade conditions. In the
contraversive saccade condition, as opposed to the (ipsiversive)
saccade condition described above, the test stimulus was pre-
sented at the location contraversive to the impending saccade.
For example, the saccadic cue appeared at 10 deg to the left guid-
ing a leftward saccade and the test stimulus appeared at 10 deg to
the right of the ﬁxation target. The experimental procedures were
the same as those of the above (ipsiversive) saccade condition ex-
cept that the ipsiversive and contraversive saccade trials were ran-
domized within a block of trials. The proportion of contraversive
saccade trials increased from 20% to 80% as the subject became
accustomed to the condition. Two subjects (aged 22–25, HE and
TJ) participated in the experiment.In the orthogonal saccade condition, the test stimulus was pre-
sented 10 deg above the ﬁxation target while the saccadic cue ap-
peared 10 deg to the left or right of the ﬁxation target. In all
conditions except orthogonal saccade condition, the retinal loca-
tion of the test stimulus was either right or left to central ﬁxation.
As vertical eye movement was not stably monitored with the eye
tracking system used, we presented the test stimulus above cen-
tral ﬁxation while horizontal saccades were elicited. The leftward
and rightward saccade trials in the orthogonal saccade condition
were randomized within the same blocks. In both contraversive
and orthogonal saccade conditions, the reference stimulus was
presented at the same spatial location as the test stimulus. The
ﬁxation trials (‘orthogonal ﬁxation’ trials in Table 1) were run
in separate blocks. In these blocks, the location of the test stimu-
lus was 10 deg above the ﬁxation. Except for the stimulus loca-
tion, the procedures of the orthogonal saccade trials were the
same as the (ipsiversive) saccade condition. Unless stated other-
wise, we used the ‘saccade condition’ for ipsiversive saccade
condition.
The aim of the current study was to differentiate discrimination
performance between ﬁxation and ipsiversive saccade conditions.
Attention, R-ﬁxation, contraversive and orthogonal saccade condi-
tions were control conditions.
2.4. Data analysis
Invalid trials were discarded for off-line analyses. For saccade
conditions, trials with unsteady ﬁxation (drift or jitter) or multi-
ple saccades toward the saccadic cue were excluded. We also
discarded trials in which the interval between the target stimu-
lus onset and the saccade onset was larger than 100 ms or smal-
ler than 0. The presaccadic interval of 100 ms was chosen to
detect the effect of saccades as previously noted (Honda, 1991;
Lappe, Awater, & Krekelberg, 2000; Ross et al., 1997). Fig. 2
shows an example of a valid trial from the ipsiversive saccade
condition.
For each orientation of the test stimulus, the proportion of CW
responses was plotted against the angular difference between the
test and the reference stimuli. In addition, a psychometric curve
was ﬁtted with a cumulative Gaussian curve (Wichmann & Hill,
2001a), from which we extracted two parameters for quantifying
discrimination performance. The angular difference corresponding
to the CW proportion of 0.5, or point of subjective equality (PSE),
was taken as a discrimination bias reﬂecting judgment accuracy.
The inverse of sigma of the ﬁtted Gaussian was deﬁned as discrim-
ination sensitivity (Fig. 3).
For estimating the variability of the sensitivity and PSE of the
psychometric function, we applied a bootstrapping in which a
Monte Carlo resampling technique was used to generate a large
number of simulated repetitions of the original experiment. In
the current study, 200 data sets were generated from the distribu-
tion assumed to approximate the true distribution underlying our
data, with the maximum likelihood ﬁt for approximation. Then, we
obtained the standard errors of the sensitivity and PSE from the
psychometric curves derived by the simulated data at each orien-
tation (Wichmann & Hill, 2001b).
3. Results
3.1. Orientation discrimination during ﬁxation condition
The psychometric curves that were ﬁtted with a cumulative
Gaussian curve did not show a signiﬁcant difference in goodness
of ﬁt across stimulus angle as judged by the sums of deviance from
each curve (p > .16 for all conditions, Kruskalwallis non-parametric
test).
Table 1
Discrimination sensitivity
Target Cardinal (0 deg, 90 deg) Oblique (45 deg, 135 deg)
Fixation Saccade p value Fixation Saccade p value
Ipsiversive
HE 1.13 (±0.20) 1.02 (±0.27) <.01 0.25 (±0.53) 0.51 (±0.35) <.01
Number of valid trials (%) 469 (87.9) 358 (54.7) 475 (89.5) 368 (61.1)
JA 0.68 (±0.21) 545 (91.1) 0.60 (±0.28) 371 (39.4) <.01 0.34 (±0.38) 529 (89.4) 0.37 (±0.48) 375 (40.9) <.01
SH 0.66 (±0.24) 537 (95.7) 0.64 (±0.22) 201 (32.5) <.05 0.23 (±0.57) 536 (96.2) 0.32 (±0.45) 289 (44.4) <.01
TJ 0.84 (±0.20) 533 (83.2) 0.81 (±0.30) 266 (27.8) <.01 0.24 (±0.50) 534 (82.2) 0.33 (±0.49) 250 (26.1) <.01
Contraversive
HE 1.13 (±0.20) 469 (87.9) 0.63 (±0.25) 428 (49.5) <.01 0.25 (±0.53) 475 (89.5) 0.27 (±0.57) 433 (48.5) .06
TJ 0.84 (±0.20) 533 (83.2) 0.41 (±0.55) 288 (28.1) <.01 0.24 (±0.50) 534 (82.2) 0.18 (±0.17) 213 (20.4) <.01
Orthogonal
HE 0.98 (±0.28) 243 (96.4) 0.60 (±0.20) 481 (57.4) <.01 0.19 (±1.05) 242 (96.0) 0.19 (±0.73) 508 (60.5) .95
TJ 0.80 (±0.35) 249 (88.9) 0.39 (±0.46) 219 (22.8) <.01 0.22 (±0.91) 250 (89.3) 0.18 (±2.64) 208 (21.5) <.01
Fixation Attention Fixation Attention
Attention
HE 1.13 (±0.20) 469 (87.9) 0.83 (±0.22) 434 (100) <.01 0.25 (±0.53) 475 (89.5) 0.34 (±0.38) 434 (100) <.01
JA 0.68 (±0.21) 545 (91.1) 0.55 (±0.24) 494 (100) <.01 0.34 (±0.38) 529 (89.4) 0.31 (±0.37) 533 (100) <.01
SH 0.66 (±0.24) 537 (95.7) 0.93 (±0.26) 528 (100) <.01 0.23 (±0.57) 536 (96.2) 0.37 (±0.47) 535 (100) <.01
TJ 0.84 (±0.20) 533 (83.2) 0.69 (±0.17) 673 (100) <.01 0.24 (±0.50) 534 (82.2) 0.28 (±0.39) 692 (100) <.01
Fixation R-ﬁxation Fixation R-ﬁxation
R-Fixation
SH 0.66 (±0.24) 537 (95.7) 0.51 (±0.29) 399 (96.7) <.01 0.23 (±0.57) 536 (96.2) 0.14 (±2.64) 398 (99.1) <.01
TJ 0.84 (±0.20) 533 (83.2) 0.56 (±0.28) 389 (97) <.01 0.24 (±0.50) 534 (82.2) 0.14 (±1.76) 384 (93) <.01
Shown above in each condition are the sensitivity and 100 times of its standard error in parenthesis, sensitivity (±100SE), for the subjects HE, JA, SH, and TJ. Number of valid
trials and its percentage in parenthesis are shown below in each condition. Target orientations of 0 and 90 deg were combined for cardinal angle, and 45 and 135 deg for
oblique angle. Difference in sensitivity between ﬁxation and saccade conditions was tested with Mann–Whitney U test, and associated p-values are given. Note that the
sensitivity for cardinal angles decreased in all saccade conditions, and that the sensitivity for oblique angles increased in ipsiversive saccade condition. Although not shown,
the PSEs for cardinal angles were smaller in absolute magnitude than for oblique angles in all conditions of the ﬁxation, ipsiversive, contraversive, orthogonal saccade,
attention, and R-ﬁxation conditions (p < .01, Mann–Whitney U test).
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Fig. 2. Example of a valid ipsiversive saccade trial plotting the horizontal position of
one eye and the temporal sequence of the targets and the stimuli. The arrow marks
the onset of the tone signaling the subject to make a saccade to the remembered
location of the saccade target.
2216 J. Lee, C. Lee / Vision Research 48 (2008) 2213–2223Fig. 4 summarizes discrimination performance in ﬁxation con-
dition. The sigma of the ﬁtted Gaussian was smaller for cardinal
(0 deg, 90 deg) than for oblique test angles (45 deg, 135 deg) (Fig.
4A), conﬁrming the classical oblique effect previously described
(Appelle, 1972; Westheimer, 2003). The standard deviation of the
sigma was also smaller for cardinal than oblique test angles
(p < .001, Mann–Whitney U test).
The PSE of psychometric curve reﬂects a bias in the perceived
orientation of the test stimulus. Interestingly, there was an idio-syncratic pattern of PSE across target angles. In the ﬁxation condi-
tion of the subjects HE and TJ, the PSE was negative for test angles
around 45 deg (test stimulus perceived CW with respect to refer-
ence stimulus), and positive for test angles around 135 deg (test
stimulus perceived CCW). This pattern could be described as repul-
sion from the vertical axis (or equally, attraction toward the hori-
zontal axis). The PSE pattern of the subjects JA and SH was different
from those of the subjects HE and TJ; the PSE was negative for test
angles around 135 deg (test stimulus perceived CW, attraction to-
ward the vertical axis), and near veridical for test angles around
45 deg. Overall, the absolute PSE for cardinal orientations of four
subjects was near zero (mean = 0.43 deg), whereas that for oblique
orientations was greater than zero (mean = 2.13 deg) (Fig. 4B) and
the two were signiﬁcantly different (p < .05, Mann–Whitney U
test).
3.2. Discrimination performance in ipsiversive saccade condition
The sigma of the ﬁtted Gaussian of psychometric curve changed
for a test stimulus presented before ipsiversive saccades, and the
amount of changes varied depending on the stimulus orientation,
and the pattern of change was variable across subjects (Fig. 5). In
the saccade conditions of the subjects HE, TJ, and SH, compared
to the ﬁxation condition, the sigma decreased for the test stimuli
with oblique orientations. Accordingly, the difference in sigma be-
tween cardinal and oblique angles was reduced in the ipsiversive
saccade condition. The subjects JA showed an irregular pattern of
sigma change, but it may be seen that the inverted-W pattern of
sigma in the ﬁxation condition was lessened. Overall, reduction
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conditions for two cardinal stimuli (A: 0 deg, B: 90 deg, with 0 deg the right and 90 deg to the top) and two oblique stimuli (C: 45 deg, D: 135 deg). The angle difference is
reference minus test stimulus angles, and thus, negative (positive) angle difference indicates that the reference angle rotated CW (CCW) with respect to the test stimulus. The
point of subjective equality (PSE), as an index of discrimination accuracy, is deﬁned as the angle difference required to produce 50% chance of CW response. The sigma of the
ﬁtted Gaussian of psychometric function was obtained and 1/sigma was deﬁned as discrimination sensitivity. Note that the test stimuli of 0 and 90 deg in ﬁxation condition
were discriminated with a higher accuracy and sensitivity compared to the test stimuli of 45 and 135 deg. Note also that the test stimulus of 45 deg was reported 41.55 deg
(biased in CW), whereas the test stimulus of 135 deg was reported 137.58 deg (biased in CCW) in ﬁxation condition. In each panel, sensitivity index and PSE for ﬁxation and
saccade (parentheses) conditions are shown. Note that the discrimination sensitivity and accuracy of oblique angles improved in ipsiversive saccade condition.
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J. Lee, C. Lee / Vision Research 48 (2008) 2213–2223 2217of sigma in saccade condition was greater for oblique than for car-
dinal angles (p < .01, Mann–Whitney U test). The difference in
standard deviation of sigma between cardinal and oblique angles
decreased but still remained signiﬁcant in saccade condition
(p < .01, Mann–Whitney U test). Fig. 6 summarizes the change in
discrimination sensitivity in ipsiversive saccade condition. Simi-
larly, the sensitivity ratio for oblique angles was greater than for
cardinal angles (p < .05, Mann–Whitney U test).
Like discrimination sensitivity, the PSE change in the ipsiversive
saccade condition was also greater for oblique than for cardinal an-gles (Fig. 7). The direction of PSE changes for oblique orientations
was variable across subjects. In the subjects HE and TJ, the negative
(positive) discrimination bias for angles around 45 deg (135 deg) in
ﬁxation condition (Fig. 4B) decreased, and accordingly, the repul-
sion from the vertical axis in the ﬁxation condition for oblique
orientations was weakened in the saccade condition (Fig. 7B, also
Fig. 7 A for a representative subject, HE). In the subjects JA and
SH, the pattern of PSE change was different. The PSE change
improved discrimination accuracy for test angles around 135 deg
(negative PSE in Fig. 4B) reducing ‘repulsion from horizontal axis’,
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2218 J. Lee, C. Lee / Vision Research 48 (2008) 2213–2223but for test angles around 45 deg, discrimination accuracy wors-
ened. Overall, the absolute PSE changes for oblique orientations
were larger than those for cardinal orientations (p < .001, Mann–
Whitney U test), suggesting that discrimination accuracy improved
for oblique orientations in the ipsiversive saccade condition.
3.3. Control experiments
3.3.1. Role of attention in orientation discrimination
Given the apparent changes in orientation discrimination in the
ipsiversive saccade condition, we wondered whether or not the
execution of a saccade was necessary or if attention shift toward
the location of the test stimulus was sufﬁcient for the changes. In
the attention trials, an attention cue (a downward triangle) was
presented at the location of the impending test stimulus, while
the subject was instructed to maintain ﬁxation at the center (Fig.1). Fig. 6 illustrates changes in orientation discrimination in the
attention condition compared to the ﬁxation condition. The pat-
terns of changes in discrimination sensitivity (Fig. 8A) and PSE
(Fig. 8B) in the attention trials were mostly similar to the patterns
of sensitivity changes (Fig. 6) and PSE changes (Fig. 7B) in the ipsi-
versive saccade trials. The sensitivity ratio in attention trials was
larger for oblique (45 deg, 135 deg) than for cardinal (0 deg,
90 deg) test angles (p < .05, Mann–Whitney U test), and the abso-
lute PSE changes for oblique angles were larger than those for car-
dinal angles (p < .01, Mann–Whitney U test), The patterns of PSE
change of each subject in the saccade and attention trials were
similar.
In order to quantify the oblique effect, differential discrimina-
tion sensitivity between cardinal and oblique orientations, we
derived the oblique index from (Soblique  Scardinal)/
(Soblique + Scardinal), where Scardinal and Soblique are the arith-
metic mean sensitivity for the test stimuli with cardinal (0 deg and
180 deg) and oblique orientations (45 deg and 135 deg), respec-
tively. The oblique index was variable across subjects and experi-
mental conditions (Fig. 9). The index was the highest in the
ﬁxation condition, the lowest in the saccade condition, and inter-
mediate in attention condition. The difference in oblique index
for three conditions were signiﬁcant for all subjects (p < .0001,
Kruskalwallis non-parametric test). These results indicated that
the modulation of the oblique effect in the saccade condition can
be produced by shifting attention toward the location of impend-
ing test stimulus.
The three trial types shown in Fig. 9 were not randomized with-
in blocks. A similar pattern of data was conﬁrmed in one subject
(HE) in a control experiment in which the three trial types were
randomized within blocks and the test and reference stimuli ap-
peared in white to control any color-depth effect that use of red
and green might have caused. The oblique indices for ﬁxation,
attention, and saccade conditions in this experiment were 0.51
(±0.028SE), 0.24 (±0.018), and 0.22(±0.016), respectively.
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Fig. 7. Changes in PSE in the ipsiversive saccade condition. (A) PSEs in the ﬁxation (open squares) and saccade (ﬁlled circles) conditions in a representative subject, HE. Each
symbol indicates mean PSE and its standard error derived from a bootstrapping. The PSE bias for oblique target angles improved before saccades. (B) Changes in PSE in the
ipsiversive saccades. Each symbol marks the PSE difference (saccade-ﬁxation conditions) for each test stimulus angle for each subject. The curves are 3rd-order polynomial
ﬁts for two patterns of PSE change.
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Fig. 8. Effects of attention on discrimination sensitivity (A) and bias (B). (A) Sensitivity ratio, attention condition divided by ﬁxation condition. Same convention as Fig. 6.
(B) Changes in PSE in the attention condition. Each symbol marks the PSE change, attention minus ﬁxation conditions. Same convention as Fig. 7B. Note that the patterns of
change in sensitivity ratio and PSE are similar to those in the ipsiversive saccade condition (Figs. 6 and 7B).
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stimuli
In ﬁxation, ipsiversive saccade, and attention conditions, the
test and reference stimuli were presented at the same spatial loca-
tion, either 10 deg to the left or right of initial ﬁxation location. In
the saccade condition, however, the reference stimulus was pre-
sented at the central retina after a saccade was made, whereas in
the ﬁxation and attention conditions it was presented at the eccen-
tric retinal location same as the test stimulus had been presented.
Presumably, depending on retinal congruity, differential processes
of coordinate transformation would intervene before decision is
reached. We wondered whether presenting reference stimulus
about the central retina, not execution of saccade itself, was sufﬁ-
cient for modulating discrimination sensitivity. This possibility
was tested for two subjects in a control experiment, R-ﬁxation con-
dition in which the retinal positions of the test and reference stim-
uli of the saccade condition were emulated (Fig. 1). The sensitivity
for cardinal (oblique) angles from R-ﬁxation, ﬁxation, and saccade
conditions, was 0.51, 0.66, and 0.64 (0.14, 0.23, and 0.32) for sub-
ject SH, and 0.56, 0.84, and 0.81 (0.14, 0.24, and 0.33) for subject TJ,
respectively. The oblique indices for R-ﬁxation, ﬁxation, and sac-
cade conditions were 0.56, 0.49, and 0.34 for SH, and 0.60, 0.55
and 0.41 for TJ, respectively. Standard errors for all these numbers
were less than 0.03. The difference in oblique index among threeconditions was signiﬁcant for each of two subjects (p < .01, Krus-
kalwallis non-parametric test with 80% bootstrapping). Thus, the
discrimination sensitivity for oblique angles (45 deg, 135 deg)
was the lowest in the R-ﬁxation condition, and the oblique effect
in the R-ﬁxation condition was no smaller than the ﬁxation condi-
tion. These results invalidated the possibility that the decrease in
oblique effect in the ipsiversive saccade condition may be due to
or overestimated by the reference stimulus being presented at
the central retina thereby creating a retinal incongruity optimal
for reducing the oblique effect. Regardless of whether the ﬁxation
or R-ﬁxation condition is used as a baseline, the changes in dis-
crimination sensitivity in the saccade condition were similarly lar-
ger for the oblique than for the cardinal orientations.
3.3.3. Effects of stimulus location with respect to impending saccade
Spatial congruity between the test and reference stimuli can be
maintained at or out of saccadic goal. We tested in another control
experiment for two subjects the effects of stimulus location with
respect to the impending saccade direction on discrimination sen-
sitivity. The effects of the stimulus location were examined by
comparing the changes in discrimination sensitivity among ipsi-
versive, contraversive, and orthogonal saccade conditions. In all
these conditions the locations of the test and reference stimuli
were spatially congruent, but at different locations with respect
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Fig. 9. Modulation of the oblique effect. The oblique index was derived from
(Scardinal  Soblique)/(Scardinal + Soblique), where Scardinal and Soblique are
discrimination sensitivity for the test stimuli with cardinal and oblique orienta-
tions, respectively. Each symbol marks oblique index and its standard error derived
from a bootstrapping. The value of oblique index is decreasing from ﬁxation to
attention and ipsiversive saccade conditions.
2220 J. Lee, C. Lee / Vision Research 48 (2008) 2213–2223to impending saccade direction. The discrimination sensitivity for
cardinal test angles was reduced in all three saccade conditions
for all tested subjects (solid lines of Fig. 10A–C, Table 1). This
reduction in cardinal sensitivity was statistically signiﬁcant (Table
1), and contributed to reduction in the oblique effect (Fig. 10D–F).
The sensitivity for oblique test angles increased in the ipsiversive0
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Fig. 10. Effects of target location with respect to the impending saccade. Compared in ea
one of three saccade conditions. Vertical bars for each symbol indicate its estimated sta
with solid lines, and those for oblique test stimuli (45 deg, 135 deg) are connected with d
which they were randomized with the attention trials. A smaller number of ipsiversive sa
were randomized with contraversive saccade trials, were not included for this ﬁgure. Inc
saccade conditions, the sensitivity for cardinal angles (left panels) and the oblique index
angles increased. The difference in sensitivity between cardinal and oblique test anglessaccade condition, whereas it did not in the contraversive and
orthogonal conditions (dotted lines of Fig. 10A–C, Table 1). Thus,
although the reduction of oblique effect was common regardless
of the target location with respect to impending saccade, the cause
of this reduction appeared to be different depending on the target
location. In the contraversive and orthogonal saccade conditions,
the decreased sensitivity for cardinal angles appeared to be the
main cause, whereas in the ipsiversive saccade condition, both
the increased sensitivity for oblique angles and decreased sensitiv-
ity but to a less degree for cardinal angles were the cause of reduc-
tion in the oblique effect.
4. Discussion
4.1. Orientation discrimination in the ﬁxation condition
Performance on a variety of visual tasks is better for horizon-
tally or vertically oriented than for obliquely oriented stimuli,
termed the oblique effect (Appelle, 1972). The characteristics and
origin of the oblique effect have been a focus of intensive studies
using various methods such as psychophysics (Camisa, Blake, &
Lema, 1977; Essock, DeFord, Hansen, & Sinai, 2003; Heeley, Bucha-
nan-Smith, Cromwell, & Wright, 1997; Krukowski & Stone, 2005;
Lipshits, Bengoetxea, Cheron, & McIntyre, 2005; Matthews, Rojew-
ski, & Cox, 2005; McMahon & MacLeod, 2003; Meng & Qian, 2005;
Mustillo, Francis, Oross, Fox, & Orban, 1988; Westheimer, 2003,
2005), neuroimaging (Dakin, Mareschal, & Bex, 2005; Furmanski
& Engel, 2000; Liang, Shen, & Shou, 2007; Xu, Collins, Khaytin, Kaas,
& Casagrande, 2006), electrophysiology (Levick & Thibos, 1980; Li,
Peterson, & Freeman, 2003; Sokol, Moskowitz, & Hansen, 1987),
modeling (Foster & Ward, 1991), and natural statistics (Hansen &0.2
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ch panel are the mean sensitivity (A–C), and the oblique index (D–F) for ﬁxation and
ndard error. Mean sensitivity for cardinal test stimuli (0 deg, 90 deg) are connected
otted lines. Ipsiversive saccade trials (top row) were taken from the experiments in
ccade trials collected for two subjects from the blocks in which the ipsiversive trials
lusion of these ipsiversive saccade trials did not change the pattern. Note that in all
(right panels) decreased. In ipsiversive saccade condition, the sensitivity for oblique
in each panel was statistically tested and summarized in Table 1.
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interval forced choice task, we conﬁrmed the oblique effect in the
ﬁxation condition: relatively poor discrimination sensitivity and
accuracy (Fig. 4) for oblique compared to cardinal stimulus orien-
tations. Interestingly, two PSE patterns could be distinguished. In
the ﬁrst pattern, the perceived orientation of oblique test angles
was consistently repulsed away from the vertical axis, whereas
in the second pattern, it was irregular, and the PSE of oblique ori-
entations was repulsed away from the horizontal axis, if any.
Repulsion from the vertical axis can be described as attraction to-
ward the horizontal axis, but it is likely to be due to repulsive
rather than attractive interaction between cardinal and oblique
orientations since previous studies reported repulsive interactions
in both perception and performance (Carpenter & Blakemore,
1973; Krukowski & Stone, 2005; Rauber & Treue, 1998). It should
be pointed out that the two PSE pattern of the ﬁxation condition
may not be a subject attribute, because the PSE pattern was differ-
ent between the ﬁxation and the R-ﬁxation conditions within the
same subject. For example, the subject TJ reported that the oblique
orientations were repulsed away from the vertical axis in the ﬁxa-
tion condition, whereas they were repulsed away from the hori-
zontal axis in the R-ﬁxation condition. This suggests the
possibility that precise pattern of PSE may depend on strategic
usage of reference axes used to register the test target orientation.
The asymmetric pattern of PSE of the JA and SH (Fig. 4B) can be ex-
plained by this possibility.
4.2. Changes in orientation discrimination in the saccade conditions
Interestingly, regardless of the PSE pattern, the discrimination
performance for stimulus orientation changed in the saccade con-
ditions, and this change depended on stimulus orientation and
location with respect to saccadic goal. In the ipsiversive saccade
condition, compared to the ﬁxation condition, both the discrimina-
tion sensitivity and accuracy for oblique orientations increased
(Figs. 6, 7, and 10 and Table 1). In contrast, the discrimination sen-
sitivity for cardinal stimuli slightly decreased (Fig. 10 and Table 1),
and this was primarily due to reduction of sensitivity for vertical
orientation (Fig 6). These changes resulted in reduction of the
oblique effect (Figs. 9 and 10). This is in line with the anti-oblique
effect that perceptual judgment of motion direction along the
oblique angle becomes relatively accurate before saccadic eye
movements (Lee & Lee, 2005). The improvement of performance
for oblique orientations was not observed when the stimulus pre-
sented at locations other than saccadic goal (contraversive and
orthogonal saccade conditions), although only two subjects were
tested in these conditions.
The changes in performance can be interpreted with two com-
ponents of saccadic inﬂuence on orientation discrimination. The
ﬁrst, spatially non-selective, component contributed to reduction
in discrimination sensitivity for both cardinal and oblique orienta-
tions in association with saccade execution regardless of spatial
location of the test stimulus with respect to saccadic goal. The sec-
ond, spatially selective, component contributed to change in dis-
crimination sensitivity for both cardinal and oblique stimuli at
saccadic goal, but not at other tested locations, presumably medi-
ated by the processes related to spatial attention. Thus, we hypoth-
esize that in the contraversive and orthogonal saccade conditions,
only the spatially non-selective component manifests itself,
whereas in the attention condition, only the spatially selective
component does. In the ipsiversive saccade condition, both spa-
tially selective and non-selective components are hypothesized
to contribute to discrimination. In this scheme, it is assumed that
the sensitivity for oblique orientations in the ﬁxation condition is
near its lower limit and that for cardinal orientations is near its
upper limit. Thus, reduction in sensitivity by the spatiallynon-selective component in the contraversive and orthogonal con-
ditions is greater for cardinal orientations than for oblique orienta-
tions, reducing the oblique effect (Table 1 and Fig. 10). And
similarly, change in sensitivity by the spatially selective compo-
nent in the attention condition is not so pronounced for cardinal
orientations as for oblique orientations, also reducing the oblique
effect. In the ipsiversive saccade condition, these two components
sum, and for cardinal orientations, the decrease in sensitivity by
spatially non-selective component overpower the change in sensi-
tivity by spatially selective component to result in a net decrease in
sensitivity, and for oblique orientations, the increase in sensitivity
by spatially selective component overpower the change in sensitiv-
ity by spatially non-selective component to result in a net increase
in sensitivity (Table 1 and Fig. 10). This scheme of two components
is supported by a greater reduction in the oblique effect in the ipsi-
versive saccade condition than in attention condition (Fig. 9).
Orientation discrimination of a peripheral stimulus similarly
changed when the location was cued regardless of whether the
movement was actually carried out (saccade condition) or not
(attention condition), although the change was greater in the sac-
cade condition than in the attention condition as described above
(Fig. 9). Thus, much of the saccadic effects on orientation discrim-
ination appear to be shared by directing visuospatial attention to-
ward the stimulus location, consistent previous studies (Carrasco,
Penpeci-Talgar, & Eckstein, 2000; Hoffman & Subramaniam,
1995; Kowler, Anderson, Dosher, & Blaser, 1995). Planning a sac-
cade and shifting spatial attention are known to share common
neural mechanisms. For example, subthreshold stimulation of the
frontal eye ﬁeld (Armstrong, Fitzgerald, & Moore, 2006; Armstrong
& Moore, 2007; Moore & Fallah,2001, 2004) or the superior collicu-
lus (Cavanaugh & Wurtz, 2004; Muller, Philiastides, & Newsome,
2005) from which a saccadic eye movement is evoked at supra-
threshold stimulation enhances visual cortical response discrimi-
nability or performance of the spatial attention task for objects at
the location retinotopically corresponding to the stimulation site
(but see, (Thompson, Biscoe, & Sato, 2005). A similar reduction in
the oblique effect in the ipsiversive saccade and attention condi-
tions, and different patterns of sensitivity change between ipsiver-
sive and contraversive or orthogonal saccade conditions are
consistent with the idea of the shift of spatial attention in the pro-
cess of saccade generation.
It has been known that the visual responses in the areas of the
primate V1 and V4 are enhanced at the site of covert attention
(Armstrong et al., 2006; McAdams & Maunsell, 1999). A study,
based on multi-unit recording from the V1 of the behaving mon-
key, reported a difference in the neural activity between the ﬁxa-
tion and saccade conditions and a lower selectivity for stimulus
orientation before saccades (Wachtler, Wittenberg, Teichert, Eck-
horn, & Bremmer, 2006). However, it is not known whether these
changes vary with the stimulus meridian.
During the two-interval forced choice task of the current study,
the test orientation is thought to be stored as a visual memory and
retrieved for comparison with the reference orientation (Foster &
Kahn, 1985). Depending on retinal and spatial congruity of the test
and the reference stimuli, the decision process is likely to undergo
a variable degree of coordinate transformation. In all experimental
conditions of the ﬁxation, R-ﬁxation, saccade, and attention, the
test stimulus was presented at the same location in the periphery.
However, the location of the reference stimulus varied across the
experimental conditions in terms of retinal and spatial coordinates
(Fig. 1). Although only two subjects were tested, the lower sensitiv-
ity for both cardinal and oblique angles in the R-ﬁxation condition
compared to the ﬁxation or saccade condition suggests that dis-
crimination sensitivity is better for spatially congruous test and
reference stimuli, regardless of the intervening saccade. This,
combined with the difference in sensitivity between the saccade
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nal locations, and with the similarity in sensitivity between the sac-
cade and attention conditions suggests that orientation
discrimination is robust in a spatial coordinate regardless of occur-
rence of saccade and retinal congruity, as long as attention is direc-
ted to the target, perhaps an optimal property for active vision.
It has been reported that a brieﬂy presented visual target is mis-
localized at saccades, and mislocalization pattern consists of spa-
tial shift in saccade direction and compression toward the
saccadic goal (Awater & Lappe, 2004; Kaiser & Lappe, 2004; Osten-
dorf, Fischer, Finke, & Ploner, 2007). Can spatial shift, compression,
or both in perisaccadic localization explain the changes in orienta-
tion discrimination? Sensitivity for detecting Glass patterns around
the time of horizontal saccades changed in a manner consistent
with perisaccadic spatial compression; sensitivity to horizontal
Glass patterns slightly improved, while sensitivity to vertical pat-
terns was impaired (Santoro, Burr, & Morrone, 2002). Interestingly,
this pattern is not incompatible to sensitivity change for horizontal
and vertical orientations in the ipsiversive, horizontal, saccade (Fig.
6) and attention conditions (Fig. 8A). Attraction toward the vertical
axis in the saccade condition of the subjects HE and TJ (Fig. 7) may
be compatible with spatial mislocalization with an assumption of a
greater compression toward saccadic goal along the horizontal
than vertical axes before horizontal saccades. However, idiosyn-
cratic pattern of PSE change (Fig. 7B) requires more assumptions
to be compatible with systematic changes of spatial mislocaliza-
tion. Thus, we conclude that emulated orientations constructed
with a uniform shift or compression of individual loci along the
test stimuli do not correspond to perceived orientations in the sac-
cade condition. A similar conclusion was reached in earlier studies;
the pattern of changes in perceived direction of perisaccadic visual
motion was independent of perisaccadic spatial mislocalization
(Cho & Lee, 2003; Lee & Lee, 2005).
4.3. Origin of the oblique effect
The oblique effect in the ﬁxation condition may arise from a
variety of reasons including optical astigmatism. Although none
of our subjects showed noticeable astigmatism as judged with a
normal optical test, and we used a long bar (10 deg) potentially
compensating for any local meridional inhomogeneity in the ret-
ina, we cannot completely exclude the peripheral origin of the ob-
lique effect in the ﬁxation condition. However, the origin of the
modulation of the oblique effect in the saccade and attention con-
ditions is central. Since we presented the stimulus while the eye
stayed still in the saccade condition, the optical distortion during
a saccade, such as transient torsion (Straumann, Zee, Solomon, Las-
ker, & Roberts, 1995) or lens motion (Deubel & Bridgeman, 1995),
was unlikely to cause the oblique effect and its change before sac-
cades. The central origin is consistent with preceding literature on
the oblique effect (see Section 4.1).
The aforementioned scheme of spatially selective and non-
selective components associated with saccadic inﬂuence on orien-
tation discrimination assumes parallel processing of cardinal and
oblique orientations with independent limits of discrimination
sensitivity limits. However, other explanations are also possible.
Starting from an initial anisotropic state provided by unequal dis-
tribution in the number of cortical cells tuned for each meridian
(Armstrong et al., 2006; Li et al., 2003; McAdams & Maunsell,
1999; Samonds, Allison, Brown, & Bonds, 2004), the oblique effect
may dynamically develop (Matthews et al., 2005) through interac-
tive processes among different orientations. Perhaps processes re-
lated to saccade generation interfere with this development, and
the remaining oblique effect in the saccade condition may reﬂect
the initial anisotropy. In this scheme, planning a saccade or direct-
ing visuospatial attention relaxes the cortical processing responsi-ble for evolution of the oblique effect. It is interesting to note that a
direct GABA injection into area 21 of the cat visual cortex substan-
tially reduced the neuronal oblique effect of area 17 as revealed by
an optical recording (Liang et al., 2007), supporting the idea that
intracortical interaction facilitates development of the oblique
effect.
Under some experimental conditions, the oblique effect disap-
pears or even reverses. Unlike noise-free orientation stimuli in an
isolated condition, complex stimuli with visual noise or natural
scenes reveal the reverse oblique effect; structures at the oblique
orientations are detected better than those at horizontal or vertical
orientation (Essock et al., 2003; Foster &Westland, 1998; Hansen &
Essock, 2004, 2006; Wilson, Lofﬂer, Wilkinson, & Thistlethwaite,
2001). Oblique stimuli were as powerful or more powerful than
cardinal stimuli in producing adaptation effects or tilt aftereffect
(McMahon & MacLeod, 2003). Along with the results obtained in
the current study, these studies undermine for the origin of the ob-
lique effect the structural anisotropy such as unequal distribution
of neurons tuned for different meridians. Natural scene, compared
to blank background, inﬂuences the attention effect on the recep-
tive ﬁeld of higher visual cortex; attention effect is reduced with
natural image condition (Rolls, Aggelopoulos, & Zheng, 2003). It re-
mains to be seen whether saccade or attention-related modulation
of the oblique effect found in the current study is maintained for
stimuli consisting of image noise mimicking natural scenes.
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